.
The bottom and top curves correspond to the spectra of PbSe core CQDs with average radius of R S = 1.5 nm and 2.4 nm, respectively. The middle curves represent different heterostructures (c/sh, c/a-sh and a-c/a-sh), with composition and size as labeled in the Panel, when R c = 1.5 nm and R s up to 2.4 nm. These sets of curves suggest the occurrence of a red-shift of the absorption and emission spectra of the heterostructures with respect to those of the primary cores with R S = 1.5 nm, but they are blue shifted with respect to that of pure PbSe cores with R S = 2.4 nm. This midway shift is related to a quantum size effect combined with a composition tuning of the band edge energy.
The experimental band gap energy (E g ), estimated by the first excitonic absorption band, and the corresponding calculated values (discussed below) of the studied materials are listed in Table 1 . The table also designates the PL quantum yield (η) of a few selected samples. The determination of the η is given in detail in the Section 5.3. Systematic improvement (up to 88%) of the η was found in c/sh, c/a-sh and a-c/a-sh CQDs versus those of the primary core CQDs. The relatively high η might be related to the improved PL intensity [arb. Units] Optical density [arb. Units] quality of surfaces, e.g., close crystallographic match between PbSe core and PbS or PbSe x S 1-x shell, as well as the increase of the sulfur precentege at the exterior surface, with a lower oxidation outcome. The cw-PL spectra shown in Figure 2 were pumped by a nonresonant excitation (1.54 eV), showing an asymmetric or a split band, Stokes shifted with respect to the first absorption band by an energy, E s , as listed in Table 1 . with PbSe 0.6 S 0.4 core radius of 1.5 nm CQDs at RT. The nonresonant Stokes shift has an interesting behavior: (i) a reduction of E s in c/sh heterostructures with respect to their primary cores. The Stokes shift is related to a total growth of R s with respect to R c , as well as to the generation of an exciton fine-structure by valley-valley and electron-hole exchange interactions. These interactions may be reduced in c/sh structures, due to a quasi-type-II band alignment, as will be discussed below; (ii) E s in c/a-sh and a-c/a-sh CQDs is smaller than in the corresponding cores, however, larger than that in core or c/sh CQDs of an equivalent size (see Table 1 ). Similar increase of E s , in alloyed CQDs (in comparison with pure cores) was observed before in II-VI 5, 25 and III-V 26 quantum dots, and was associated with a nonlinear effect such as optical bowing, induced by a lattice constant deformation or different carriers' distribution in alloyed materials. 5 Figure 4 illustrates the evolution of the cw-PL spectra of a few samples, excited at 1.54 eV and recorded at different temperatures from 1.4 K to 300 K as shown by the ruler in the figure. Panels (a) and (e) represent the spectra of reference PbSe cores, with an average radius, R S = 1.5 nm and 2.4 nm, respectively. The CQDs were desperse in glass solution (GS). The cw-PL spectra correspond to a band edge exciton recombination emission at the Lpoint of the Brillouin zone of a PbSe semiconductor. Panels (b) and (c) show the spectra of PbSe/PbS c/sh and PbSe/PbSe 0.68 S 0.32 c/a-sh CQDs, respectively, both with R c = 1.5 nm and R s = 2.1 nm. Panel (d) exhibits the spectra of PbSe 0.5 S 0.5 /PbSe 0.27 S 0.73 a-c/a-sh CQDs with R s = 2.4 nm. Once again, at all temperatures, the emission energy of the heterostructures shows a midway shift between the emission energy of small and large reference cores (Panels (a) and (e)). The cw-PL spectra of the smallest PbSe cores CQDs are dominated by a single exciton band over the entire temperature range, similar to the observation found in Ref. [21] . However, the emission spectra of the larger PbSe cores occasionally exhibit a split band at elevated temperatures. Identicaly the cw-PL spectra of the various heterostructures show an asymmetric or a split shape at all temperatures, presumably consisting of two overlapping emission bands, where the energy split is of the order 30-55 meV, decreasing with the increase of the shell width and the S/Se ratio (see Figure 4 ). For convenience, we fitted the spectra to a sum of two Gaussian emission bands as demonstrated in Figure 5 for a PbSe 0.5 S 0.5 /PbSe 0.27 S 0.73 a-c/a-sh sample at three representative temperatures (5 K, 150 K and 300 K). Interestingly, the split energy closely retains its value upon the increase in temperature, although the high energy component is gaining intensity with the increase in temperature. As a simple test of the possibility that the split band arises due to traps or defects on the surface of the CQDs, we checked the pumping intensity dependence of the spectra, as traps and defects should be saturated at high enough energies. We found that the spectrum not only maintained its shape but also the relative intensity between the two bands remained constant, while the pumping intensity varied over 10 orders of magnitude. The possibility of experimental artifacts was also rejected as the dual band still appears after intensity calibration on the experimental system and at different energies for different samples (core, c/sh, c/a-sh and www.intechopen.com a-c/a-sh). We take this evidence as proof that the dual band is an intrinsic property of the electronic structure of the samples. 27, 30 and exsperimentally 21, 23, 29, [31] [32] [33] . These studies have suggested that splitting within the exciton fine structure near the band gap may be responsible 23, 27, 29 . We proposed that the problem of two emitting bands need supplementary evidence, which can be gained from the temporal and spectrally resolved PL measurements.
www.intechopen.com which governs the recombination rate up to R s ≈ 2 nm. 35 For larger sizes, however, the matrix element is expected to become size-independent, so  rad becomes proportional to the wavelength of emitted radiation, which is consistent with the trend observed in Figure 6 (c). 
The plots disclose a blue-shift of the emission energy with increase in T, which is largest for PbSe cores; however, they illustrate a moderate change in the heterostructures. The symbols designate the experimental points, and the solid lines are best fitted curves. A tangent line to the fitted curve evaluates the slope, revealing the temperature coefficient, Table 3 , indicating an increase of dE/dT with an increase in size 37 approaching the bulk value of dE g /dT. Also, those coefficients of the heterostructures are reduced with respect to pure cores of equivalent R s , which are mostly pronounced in a-c/a-sh CQDs. The temperature dependence of the coefficient dE g /dT has dominant contributions from crystal dilation and electron-phonon interactions, as well as minor contributions from mechanical strain and thermal expansion of the wavefunction envelope. 37 Since the thermal expansion coefficients of bulk PbSe and PbS are almost identical, 38 it is expected that the electronphonon coupling is the dominating effect responsible for the reduction of dE g /dT in alloyed CQDs. A minor contribution might be also assigned to a reduction of a core/shell interface strain by a better crystallographic match. In any event, the low value of dE/dT in the alloyed CQDs suggests a thermal stability of the band edge properties, with a significant importance in various applications and in particular in solar energy panels. 
Figure 7 (b) demonstrates plots of the PL integrated intensity of the low energy cw-PL band versus 100/T. The plots show a similar tendency, including a plateau at the temperature range > 10 K to ~ 150 K, followed by low quenching of the intensity by an exciton-phonon interaction at higher temperatures, a typical behavior of a direct band gap semiconductor. 39 However, the trend is interrupted in two distinct points: (i) occurrence of unusual climax in the intensity profile at a temperature between 150 K to 250 K, appearing at higher temperature in c/sh and c/a-sh, compared with that of the primary cores, but with a very small effect in a-c/a-sh CQDs. This abnormal climax was previously explained 21 as a thermal activation between dark and bright states, with activation energy (E a ) close to the LO phonon energy (LO (PbSe) = 16.8 meV, LO (PbS) = 26 meV). The values of E a of the investigated samples are listed in Table 3 , spanning a range that is in close agreement to the suggested theoretical values of the dark-bright splitting in pure PbSe cores; 27 (ii) unexplained a minor decrease of the intensity <10 K with an activation energy ~ 0.4 meV, way below the acoustic phonon energy (LA, TA ~ 4-6 meV). 40 Worth to note, that the best fit shown in Panel (a) also show some deviation from perfection > 150 K, in correlation with the abrupt climax shown in Panel (b), due to a change in the emission mechanism from a dark to a bright state emission. 
Thermally activated photoluminescence processes in PbS CQDs
For deeper understanding of the thermally activated emission processes in PbSe y S y-1 /PbSe x S 1-x hetero-structures we also examined pure PbS CQDs with equevalent sizes. In the recent years a progress towards achieving a detailed understanding of emission in PbS has been made. [41] [42] [43] [44] [45] [46] However, important challenges still remain, thus providing a strong motivation to study the fundamental physics of fluorescence in this semiconductor. The investigated PbS CQDs were prepared by colloidal chemistry, according to the procedures given in Ref. 43 and will be described in Section 5.2. The room temperature absorption and cw -PL spectra of PbS CQDs, with diameters between 2.2 and 3.5 nm (all dispersed in GS), are shown in Figure 8 , while a representative HR-TEM image of a single CQD is shown in www.intechopen.com This shift is the result of a split of the exciton manifold by the L-valley mixing and by the electron-hole exchange interaction, which further splits into dark and bright states. Figure  9 (a) and 9(b) illustrate the cw-PL spectra of 2.6 and 3.5 nm PbS CQDs, respectively, dispersed in GS and recorded at various temperatures ranging from 4 K to 300 K.
At all temperatures the ground states exciton PL spectra of 2.6 nm CQDs are nealy symmetric, while PL spectra of 3.5 nm PbS CQDs have an asymmetric shape (like those of the equivalent size PbSe and PbSe y S 1-y /PbSe x S 1-x a-c/a-sh hetrostructures), showing variations with the change in the temperature of the emission peak energy, FWHM and in integrated PL intensity.
The evolution of the PL peak energy with the increase in temperature of 2.6 and 3.5 nm PbS CQDs are shown in Figure 10 (a) by the symbols (see legend in the figure) and the solid lines which are best fitted curves using Varshni relation. 36 The plots reveal a blue shift of the exciton emission energy with the increase in the temperature and can mainly attribute to the increase in the band gap energy with temperature, typical to the small band-gap IV-VI semiconductors.
A tangent line to the fitted curve evaluates the slope, revealing the temperature coefficient, α =dE/dT. The best fit α parameter for the PbS CQDs vary between -0.17 meV/K (for the 2.6 nm) to 0.22 meV/K (for the 3.5 nm) and are smaller to similar sizes PbSe CQDs. 21 Figure 9 versus the temperature. The solid lines represent a fit to the modified Bose-Einstein relation. 47 Plot of the integrated PL intensity versus the temperature of 2.6 nm PbS CQDs is presented in Figure 10 (b) and shows Arrhenius behavior. The activation energy extracted from the Arrhenius plot is 14 meV, and is smaller than the thermal activation energy E a obtained for PbSe CQDs'and PbSe y S 1-y /PbSe x S 1-x a-c/a-sh CQDs heterostructures that are listed in Table 3 .
The inset of Figure 10 (b) represents a plot of the FWHM of PL spectra of the samples shown in Figure 10 (a) as a function of temperature. The FWHM decreased with decreasing temperature and was best fitted to a modified Bose-Einstein relation given in Ref. [47] . The Spectrally resolved transient PL of 2.6 and 3.5 nm PbS CQDs measured at three different points of the PL band at various temperatures are shown in Figure 12 (a) and 12(b). The arrows pointing to three different points of PL energy: red arrow-energy of the PL peak; black arrow -energy at the half PL intensity from the blue side of the PL, while the blue arrow is the energy at the half PL intensity from the red side of the PL. The obtained results reveal two emission bands with different  0 temperature dependent behaviour: the higher energy band  0 increase moderate with decrease of T from 290 to 4 K, while the low energy band show steeper  0 increase with decrease of T. This behavior suggests that the two band composed PL could correspond to bright and dark states induced by exchange interaction or to the two lowest valley-valley manifold exitonic states. (a) and 3.5 nm (b) PbS CQDs, measured at various temperatures (4-290 K) as indicated in the legends. The arrows pointing to three different points of PL energy: red arrow-energy of the PL peak; black arrow -energy at the half PL intensity from the blue side of the PL, while the blue arrow is the energy at the half PL intensity from the red side of the PL.
Theoretical prediction of the electronic properties of heterostructed QDs
The electronic band structure of the heterostructures (with/without alloy composition) quantum dots (QDs) was evaluated, using a k*p model, considering specific features, related to the discontinuity of the effective mass, crystal potential and dielectic constant at the core/shell, as well as at the shell/surrounding interface. The evaluation also considered anisotropy of effective masses, particularly in the IV-VI semiconductors. The evaluations explored interesting properties, associated with charge distribution between the core and the shell, effective electron-hole spatial separation, probability of transitions, coulomb interactions and tunability of band-edge and remote states' energy. 23, 48 Pre-engineering of the electronic band structure is done by theoretical consideration (of spherical particles alone for the moment), covering all cases, when, either the core or shell or both has alloy composition (see scheme in Figure 13) . A few special points should be considered: anisotropy in effective mass (typical for IV-VI semiconductors), as well as the fact that each physical parameter dependents on its position (r) across the dot, and also may vary smoothly at the core/shell and the shell/surrounding interfaces, with a smoothing factor . The Hamiltonian was adjusted to the discontinuity at the PbSe/PbS interface by the appropriate choice of the kinetic energy term, ensuring probability current conservation and continuity of the envelope functions. In addition, the Hamiltonian potential energy term, included the heterostructure band offset, abrupt for the c/sh structure, but considered as a smooth function for the c/a-sh QDs. 49 Presumably, the smooth potential profile reflects the nature of the interface region in alloyed materials with gradient composition, being an extension of the standard treatment for semiconductor heterostructures. The overall band offset was chosen as that of the corresponding bulk PbSe and PbS materials (where the valence band maximum of bulk PbS lies 0.025 eV above that of PbSe, while the conduction band minimum lies 0.155 eV above that of PbSe). Diagonalization of the envelope function Hamiltonian yielded the electron and hole wavefunctions, as well as a good approximation of the energy values of the conduction and valence-band's states. The heterostructures Figure 13 . c R and s R designate the radius of a core and a c/sh QD, respectively. Figure 14 . Panels (f) and (g) show the electron and the hole distribution for a c/a-sh with R c =3 nm and R s =5 nm. In the case of a pure core structure, the distribution of electron and hole is virtually identical, thus Panel (a) describes either one of the carriers. The choice of the (111) plane is made for the calculation convenience only, and is equivalent to choosing any other crystallographic plane for the distribution representation, since the ground state wavefunctions are spherically symmetric. These plots reveal a distinct trend, in which the lowest energy hole state, 1/2,1 (1/2 denotes the total angular momentum j of the state, and ±1 corresponds to the parity π), is more delocalized with respect to its counter partner, the lowest energy electron state 1/2, 1  , in c/sh and c/a-sh QDs, characteristic of quasi-type II configuration at the band edge. This electronic distribution explains the experimental observations shown in Figure 2 of the gradual redshift of the absorption spectra with the increase of the shell width . The electron and hole spatial distribution functions in c/sh CQDs shown in Figure 14 (b) and 14(c) suggest that the distribution of both carriers is similar to that of a c/a-sh structure (Figure 14 (d) and 14(e)); however, the distribution differs from the case of a simple core QD of comparable total size (Figure 14(a) ). The calculations show that for heterostructured particles with R c < 3 nm the energies of the lowest lying electron levels exceed the potential barrier height (either abrupt or gradual), located at the interface between the core and the shell, thus significantly reducing the effect of quantum confinement induced by the shell layer. On the other hand, in the case of larger c/sh or c/a-sh particles the electron energy is lower than the barrier height, thus enforcing the confinement (and subsequently the localization) of the electron in the core region ( cf. Figure 14 (b) and 14(f) ). However, the energy difference between the valence band edges of PbSe and PbS is almost an order of magnitude smaller than that between the conduction band edges, hence the hole distribution is influenced by the shell to a much lesser extent (cf. Figure 14 (c) and 14(g) ). In the case of a c/sh structure, both the electron and hole levels are lowered in energy relative to a core structure of the same size, with a larger influence on the hole levels. In the framework of this model the energy levels of c/a-sh structures are almost identical to those of c/sh, hence are not shown here. This finding is consistent with the experimental observation of the red-shift in the emission energy of the c/sh and c/a-sh heterostructures, relative to the cores of corresponding size. The theoretical 1/2,1 1/2, 1  transition energies (which is the first excitonic transition) are listed in Table 1 and are compared with the experimental absorption band edge energies, with a close agreement for QDs with R s > 1.5 nm (Apparently, the accuracy of the model is not satisfactory for very small sizes due to the breakdown of the major assumption that the envelope function is slowly varying on the scale of the unit cell). The model reproduced the band edge energies of the QDs with relatively close agreement with the experiment, as well as predicted varying delocalization extent of the electrons in the lowest conduction band. The explanation of the reported variation of various physical properties of c/sh and c/a-sh heterostructures would demand further theoretical considerations (e.g., mass anisotropy, exchange interactions), which are beyond the scope of the discussed model, however, will be done in the future.
Evolution of the ten lowest conduction and valence band levels as a function of structure and composition of QD with R s are shown in Figure 15 . Fig. 15 . Evolution of the energy of the conduction and valence band energy levels through a series of composition and structural changes, while maintaining a constant QD radius of 2.5 nm.
First, the QD structure evolves from PbS core to PbSe core via the intermediate alloyed PbSe x S 1-x structures (Left Panel). Next, the QD is divided into a 3 nm PbSe core and a 2 nm thick PbSe y S 1-y shell (i.e., R c =3 nm, R s =5 nm). The shell composition then varies from y=1 to y=0, corresponding to a transition from pure PbSe to PbSe/PbS c/sh via intermediate PbSe/PbSe y S 1-y c/sh structures (middle panel). Finally, the composition of the core constituent evolves from x=1 to x=0, corresponding to a transition from PbSe/PbS c/sh to a pure PbS core, which completes the cycle (Right Panel). States of even (+) and odd (-) parity are marked by purple and green lines, respectively. CB and VB correspond to the conduction and valence bands, respectively. Figure 16 shows the energy levels (blue) and density of states (DOS) (green) of PbS (left panel), PbSe 0.5 S 0.5 (middle panel) and PbSe (right panel) having R s =2.5 nm. The density of states calculated by broadening each energy level by 25 meV Gaussian. The composition is found to have a significant impact on the energy spectrum of spherical QDs (apart from the band gap energy). For instance, when looking at the all three cases of PbSe x S 1-x core structures of the same size, in PbSe 0.5 S 0.5 the levels are arranged into more dense discrete groups, while in PbS and PbSe QDs they are more evenly distributed, as can be seen in Figure 16 . It is intuitively clear that the origin of this composition-dependent variance of the DOS (that even reaches degeneracy in some cases) should be linked to some symmetry property of the system. In our case this property is the shape of the energy isosurface (EI) of PbSe x S 1-x bulk materials in the reciprocal space. As mentioned above, in the case of lead chalcogenides the general shape of the EI resembles a spheroid, having its principle axis in the L-direction, and it varies as a function of energy   E k .
Calculated values of the fundamental gap energies E g evaluated for various core and c/sh QDs, compared with experimental data are presented in Figure 17 and shows a qualitativly agreement between the theoretical and experimental results.
www.intechopen.com The synthesis of core PbSe CQDs followed a modified procedure to that given by Murray et al. 50 , following the procedure given in 19 7 COOH, 99.8%, Aldrich) and 8 mL TOP ((C 8 H 17 ) 3 P, Tech, Aldrich), under standard inert conditions in the glove box, and were inserted into a threeneck flask (flask I); (2) 10 mL of PhEt were inserted into a three-neck flask (flask II) under the inert conditions of a glove box; (3) both flasks were taken out of the glove box, placed on a Schlenk line and heated under a vacuum to 100 -120°C for an hour; (4) flask I was cooled to 45°C, while flask II was heated to 180 -210°C, both under a fledging of an argon gas; (5) 0.155 gr of selenium powder (Se, 99.995%, Aldrich) was dissolved in 2.0 mL TOP, forming a TOP:Se solution, under standard inert conditions of a glove box. Then, 1.7 mL of this solution was injected into flask I on the Schlenk line; (6) the content of flask I, containing the reaction precursors, was injected rapidly into the PhEt solution in flask II, reducing its temperature to 100 -130°C, leading to the formation of PbSe CQDs within the first 15 min of the reaction. The described procedure produced nearly mono-dispersed CQDs with < 8% size distribution, with average size between 3 and 9 nm, controlled by the temperature and by the time duration of the reaction.
The preparation of PbSe/PbS c/sh CQDs by a two-injection process 19 begins with formation of core PbSe CQDs and their isolation from the initial reaction solution, according to the procedure described previolsy. Those core CQDs were re-dissolved in chloroform solution, forming a solution of 50 mg/mL weight concentration. The quality of 1.4 mL of TOP was then added to the CQDs solution, while the chloroform molecules were removed by distillation under vacuum and heating at 60°C. In parallel, 0.2 gr of a Pb precursor, Pb-ac, was dissolved in a mixture of 2 mL PhEt, 1.5 mL of OA, and 8 mL of TOP, heated to 120°C for an hour, and then cooled to 45°C. Also, 0.03-0.10 gr of sulphur (S, 99.99 + %, Aldrich) was dissolved in 0.3 mL of TOP and was premixed with a PbSe core CQDs in a TOP solution. This mixture was injected into the Pb-ac solution. All reagents were then injected into a PhEt mother solution and kept on a Schlenk line at 180°C, causing a reduction in temperature of the mother solution to 120°C. The indicated chemical portions caused the precipitation of 1-3 monolayers of PbS shell over the PbSe core surface within the first 15 min of the reaction.
The preparation of PbSe/PbSe x S 1-x c/a-sh and PbSe x S 1-x /PbSe y S 1-y a-c/a-sh structures 19 is nearly identical to that of the core PbSe CQDs, described previosly using a single injection of the precursors into a single round flask. However, step (5) was altered by the use of an alternative chalcogen precursor stock solution. A stock solution of Se and S was prepared by mixing 0.15 gr Se dissolved in 1.4 mL TOP, with 0.03-0.10 gr S dissolved in 0.3 mL TOP. The amount of S in the new stock solution corresponded to a stoichiometric amount of 1-2 ML of the PbS compound. Thus, the mole ratio of the precursors Pb:Se:S ranged from 1:1:0.5 to 1:1:1.3. Aliquots were drawn periodically from the mother solutions while quenching process to RT terminated the CQDs' growth. They were isolated from the aliquots solution by the addition of methanol, and by centrifugation. The isolated CQDs were further purified by dissolving them in chloroform, followed by filtering several times through a 0.02 micron membrane. A preliminary injection of Pb/Se/S ions ratio of 1/1/0.5 led to the nucleation of a pure PbSe core, due to the faster reactivity of the Se precursors at the nucleation stage. However, the increase of the S/Se ratio (S/Se> 1.5/1) enabled an immediate integration of both elements with the nuclei (monitored already in the first aliquot). Further aliquots revealed a gradient increase of the S/Se ratio when moving from the interface toward the exterior surface. For simplicity, the samples were labeled as PbSe y S 1-y /PbSe x S 1-x .
Synthesis of PbS CQDs
PbS CQDs were prepared according to literature procedure. 43 The lead oleate precursor was prepared by heating 0.09 g PbO in 4 ml OA under N 2 at 120 0 C for 1h. A solution of 42 l bis(trimethylsilyl)sulfide (TMS ) in 2 ml octadecene (ODE) was injected into the vigorously stirring lead oleate solution. The final particle size was controlled by injection temperature (120-150 0 C), where lower temperature leads to smaller sizes, and by varying the Pb:OA molar ratios (2:32 to 2:4, where the total volume of lead oleate solution was kept at 4 ml by dilution with ODE). The reaction was quenched by cooling it to RT and the CQDs were precipitated with acetone, then subsequently redispersed in chloroform and precipitated again.
Experimenthal methods
The morphology and crystallography of the colloidal CQDs were examined by X-ray diffraction, TEM, HR-TEM and SAED. The TEM specimens were prepared by injecting small liquid droplets of the solution on a copper grid (300 mesh) coated with amorphous carbon film and then dried at room temperature. The elemental analysis were examined by EDAX, and inductively coupled plasma atomic emission spectroscopy (ICP-AES).
www.intechopen.com The absorption spectra of the samples were recorded on a JASCO V-570 UV-VIS-NIR spectrometer. The cw-PL spectra were obtained by exciting the samples with a tunable Ti:Sapphire laser, (E exc = 1.48-1.80 eV). The PL spectra of the materials studied were recorded at a temperature range of 1.4 K to 300 K, while immersing the samples in a variable temperature Janis cryostat, and detecting the emission with an Acton Spectrapro 2300i monochromator, which was equipped with a cooled InGaAs CCD or cooled Ge photo detector. The transient PL curves were recorded by exciting the samples with a Nd:YAG laser, (E exc = 1.17 eV). The measurements utilized a laser flux <0.1 mJ/cm 2 , corresponding to a photon fluence of j p~1 0 11 photons/cm 2 per pulse. Considering the absorption cross-section of  0~1 0 -15 cm 2 , measured in reference, 14 the number of photo-generated excitons is given by <N 0 >= j p .  0, and estimated to be 10 -4 <<1, ensuring the generation of single excitons. The transient-PL curves were monitored by a photon multiplier tube, Hamamatsu NIR-PMT H10330-75. The measurements were carried out at temperature range from 1.4 K to 300 K. The PL quantum yield was measured utilizing integrating sphere technique described by Friend. 51 A solution of CQDs was placed inside an integrating sphere and excited by a monochromatic light. Luminescence spectra were detected by a fiber-coupled spectrometer equipped with a liquid nitrogen-cooled Ge photo detector. The entire system response was normalized against a calibrated detector, and care was taken to ensure that the sample absorption was more than 20%.
Storage conditions
The PbSe y S 1-y /PbSe x S 1-x a-c/a-sh (0<x<1;0<y<1) CQDs were stored either in a various solutions (chloroform, hexane) or were embedded in a polymer film or dissolved in a GS (2,2,4,4,6,8,8,-heptamethyl-nonane) for the optical measurements. The polymer-CQDs solution was prepared by mixing PbSe CQDs in chloroform solution with poly-methylmethacrylate (PMMA) ([-CH 2 C(CH 3 )(CO 2 CH 3 )-] n , analytical grade, Aldrich) polymer solution. The resultant mixture was spread on a quartz substrate and dried over 24 h to a uniform film. The stability of these CQDs was examined over a period of time by recording the absorption spectra and following the consistency of the low exciton energy. Plots of this exciton energy versus time suggest that the exciton energy in the core samples is blueshifted by ~ 400 meV over a period of days for the CQDs kept in a chloroform solution. Such a blue-shift, however, occurs over months for the samples kept as dry powders. On the other hand, the energy shift is smaller for the PbSe/PbS c/sh samples, and even nearly disappeared for the CQDs coated with three PbS shell monolayers. It is presumed that the exciton energy blue-shift is due to oxidation of the surface, and a decrease of the effective size of the core. Obviously, the penetration of oxygen through the PbS shell is reduced with the growth of the shell width. Furthermore, storage of the CQDs in a nitrogen environment nearly eliminates any spectral drift over a period of months, even extending to two or three y e a r s . I t s h o u l d b e n o t e d t h a t m o s t o f t h e optical measurements were carried out at cryogenic temperatures, inducing a He gas environment around the samples. But unpublished results determined degradation of the samples when exposed to intense pulsed UV radiation, which is avoided completely in the current study.
Conclusion and future directions
Unique alloyed c/sh heterostructures, such as PbSe y S 1-y /PbSe x S 1-x , (0<x≤1; 0<y≤1) were developed, offering good crystallographic and dielectric match at the c/sh interface, regulating carriers' delocalization and/or charge separation by tunability of the band off-set, showing an exceptionally high emission quantum yield, chemical stability, and an option to stabilize the emission intensity (blinking free behavior), as well as sustain the biexciton lifetime over a nanosecond. The last can be of a valuable benefit in the use of CQDs in gain devices and photovoltaic cells.
A smooth potential at the c/sh interface was applied here for the determination of the electronic structure of IV-VI CQDs, using a  kp model, covered a wide physical aspects, including an effective mass anisotropy, dielectric variation between the constituents, showing a ground for tailoring heterostructures with the desired composition and optical properties.
A thorough investigation of the optical properties was performed by following variable temperature cw-and transient spectrally resolved PL spectra, exploring energy shift, band edge temperature coefficient, alleviation of a dark-bright splitting (or exchange interaction), valley-valley interaction, emission quantum yield, and radiative lifetime of the PbSe y S 1-y /PbSe x S 1-x heterostructures, in comparison with the existing properties of the primary PbSe core CQDs. Temporally and spectrally resolved PL spectra provide more-systematic evidence of the two emissive centers nature. The results reflect the uniqueness of the electronic properties of the heterostructures, controlled by shell width and alloyed composition.
The discussed heterostructures could be of significant importance in applications where the CQDs' size is restricted, e.g., biological markers or self-assembled CQDs in opto-electronic devices, while at the same time, there are stringent demands regarding the optical tunability. We showed that the restriction can be overcome by the discussed new strategies gaining property control using: (a) alloyed ternary or quaternary compounds, when all elements can be either distributed homogeneously or exhibit a graded composition along a selective direction; (b) c/sh heterostructures, comprised of a semiconductor core, covered by a shell, of another semiconductor, when the band-edge off-set at the core/shell interface, can be tuned from a type-I (when shell band-edge is rapping that of the core), through quasitype-II, to a type-II (when, band-edge of the constituents are staggered) alignment. Moreover, one of the constituents (core or shell) may have alloyed composition. The book "Fingerprints in the optical and transport properties of quantum dots" provides novel and efficient methods for the calculation and investigating of the optical and transport properties of quantum dot systems. This book is divided into two sections. In section 1 includes ten chapters where novel optical properties are discussed. In section 2 involve eight chapters that investigate and model the most important effects of transport and electronics properties of quantum dot systems This is a collaborative book sharing and providing fundamental research such as the one conducted in Physics, Chemistry, Material Science, with a base text that could serve as a reference in research by presenting up-to-date research work on the field of quantum dot systems.
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